Abstract. In this paper, a new forming process of polymeric plate called stretch-forming was simulated by adopting the thermo-elasto-visco-plastic large deformation finite element formulation based on Updated Lagrangian method. Some details of this forming process were also studied. It was shown that temperature has important effect on the forming process. Slide contact was assumed in the simulation. Friction force was ignored due to good lubrication. The adopted algorithm is verified by analyzing a thermoforming problem provided in a NUMIFORM'98 paper and comparing simulation results with experimental measures in that paper.
INTRODUCTION
As a new type of structural material, polymer has many merits, such as low density, high specific strength, corrosion-resistance, good formability, excellent property of insulation, airtightness and shock absorption etc. So they are now widely used in aviation and automotive industry. Polycarbonate, which is currently recognized as one of the five major engineering plastics, shows outstanding impact resistance strength, relatively high elastic modulus, dimension stability, high transparency, high performance of heat and creep resistance. So it is used for the large load-bearing component in this paper. Now the prevailing way for manufacture of polymeric product in China is still traditional, which relies heavily on preceding experiences. But those experiences are difficult to be described quantitatively. So when a new product is developed, long trial and error processes for tools set-up and forming parameters are required which leads to excessive costs and protracted development phases.
Performing FEM simulation for forming process can provide valuable information for tools design, help quickly and accurately determine blank shape and process parameters, greatly shorten tools tryout cycle, accelerate the development of new product, thus enhance the competitive ability of a nation's industry. So numerical simulation has important academic and industrial points.
Traditional forming process for large polymeric parts refers to thermoforming. But a parts with relatively uniform thickness distribution is so hard to obtain by this forming process. For this reason, stretch-forming, which is widely used for production of aircraft skin [1] , is borrowed for manufacture of those large plastic parts which has rigid requirement on thickness uniformity. This forming process involves only punch. During forming, the blank sheet is first put on the punch and heated to a temperature higher than the glass transition temperature T g , then under constant ambient temperature, tangent stretching force is applied to edges of the blank. The applied force is always kept tangent until the blank is pulled to the punch surface and takes its contour. Since application of the stretching force is flexible, the position of the applied force can be changed artificially anytime during forming process, a more uniform thickness distribution may be gained.
In this paper, the thermo-elasto-visco-plastic large deformation finite element formulation based on Updated Lagrangian method was employed to simulate the stretch-forming process of polycarbonate plate. Some details of the forming process were also studied.
FINITE ELEMENT FORMULATION AND MATERIAL MODELING
The adopted thermo-elasto-visco-plastic large deformation finite element formulation based on Updated Lagrangian method [2] [3] is as follows
where [ ] resulting from the effect of temperature and strain rate. Details of these matrices are as follows 
A spacial plane shell element model [3] resulting from combination of a classic quadrilateral membrane element and a DKQ element (a quadrilateral plate element based on discrete Kirchhoff theory) was applied in the simulation. The membrane element portion will bear the in-plane force, and the plate element portion will undertake the bending force.
The whole forming process is divided into two stages: bending stage and stretch-forming stage. Since polycarbonate's glass transition temperature T g is 149 1 , the blank is first heated to a temperature higher than T g (That is, 175 1 in this paper). During the heating process, the blank bends due to its self gravity. After the heating process, the blank is very soft and easy to deform. Then stretching force tangent to the blank configuration and normal to the blank edges is applied. The material is in elasto-visco-plastic state at 175
1 . Uniaxial tension test at 175 1 was conducted on Meissner extension rheometer [4] 
where ε denotes strain rate, 0 ε denotes reference strain rate, m refers to rate sensitivity index. And 
Since the bending stage proceeds while temperature of the blank keep changing (i.e. increasing), a relationship between stress, strain and temperature is required to reflect the effect of temperature on equation For the whole bending process, the yield strain was set to be 0.022. And elastic moduli at different temperatures were determined like this: first, substitute the temperature level and 0.022 into equation (4) to obtain the yield stress, then divide this value by 0.022. The effect of strain rate on the bending process was ignored since the heating process was slow (2 hours).
Sliding contact was assumed between blank sheet and the punch. Since lubrication was well applied, friction force was ignored. 
RESULTS AND DISCUSSION

Verification of the adopted formulation
To verify the employed algorithm, a thermoforming problem [5] of ABS material is analyzed and compared with the experimental results. The tools are shown in Figure 1 T. The specific relationships between these parameters and T were given in reference [5] . The initial thickness of the blank sheet is 1.53mm. Because the mold has two symmetric planes, the simulation was performed for 1/4 of the sheet, which was described by 2025 elements. The portion that will contact with the corner of the mold was defined by finer mesh. Stick contact was assumed. Figure 2 gives the initial mesh of the blank sheet. Figure 3 gives the final thickness distribution. Figure 4 gives comparison of the thickness along A and B directions, and Figure 5 gives comparison along C direction. It can be seen that the 
Simulation results of the stretch-forming process of PC material
Basic material property parameters of the PC plate used are: Poisson's ration =0.4, initial blank thickness h=18mm. The maximum in length direction of the blank is 3742mm, and the maximum in width direction is 1710mm. So this is a large parts. The initial shape of the blank was determined by one-step inverse method [6] through which the surface of the punch is developed into a plane as shown in Figure 6 .
Several initial temperatures were tried to obtain a good blank configuration fit for later stretch-forming.
The final blank shape corresponding to bending process with initial temperature of 175 1 ( i.e. the bending process is a isothermal process ) was shown in Figure 7 . Since the blank is so soft, it almost adjoins the punch except for the wrinkled area as shown in Figure 7 .
The final blank shape corresponding to bending process with initial temperature of 90 1 (that is, the blank was heated from 90 1 to 175 1 , and the bending process proceeds with varying temperature) was shown in Figure 8 . It can be seen the blank is less closer to the punch at the end of the bending process than the blank in Figure 7 . This is because the blank is harder under glass transition temperature T g . And the blank deforms from an initial temperature much lower than T g . The final blank shape corresponding to bending process with initial temperature of 20 1 was shown in Figure 9 (it is also a bending process with varying temperature). It can be seen that the blank has no wrinkles. And deformation of the blank is much lesser than that in Figure 7 and 8 since the bending process started from room temperature with a much larger elastic modulus compared with the forming conditions of the first two cases.
Only the last blank shape has no visible wrinkle. The other two all have big wrinkles which are difficult to be removed by stretching stage. So temperature has important effect on the whole forming process. Stretch-forming simulation was conducted based on the blank configuration in Figure 9 .
External load was employed as follows: apply tangent stretching force to each node on the blank edges, until the blank adjoins the punch.
Shape and thickness distribution of the blank sheet at the end of the stretching stage is shown in Figure 10 . It can be seen that the highest location of the parts is the thinnest. The lower the location on the parts, the thicker it is. This agrees with actual product's thickness distribution tendency. 
